Organic shale reservoirs have very low matrix permeabilities. An extensive conductive hydraulic fracture network is necessary to impose a pressure drop in the formation to produce hydrocarbons at an economic rate. In addition, horizontal wells permit the initiation of multiple hydraulic fractures within the reservoir section of the organic shale. The location of the lateral landing point can have a significant impact on hydraulic fracture geometry.
has demonstrated the relationship between acoustic velocities and elastic moduli for TIV anisotropy through the application of Hook's Law shown in Eq. 1.
are the elastic stiffness coefficients. A simplified stiffness tensor (Nye 1985; Higgins et al. 2008 ) that accounts for TIV symmetry is shown in Eq. 2. C 11 represents the horizontally propagating compressional wave, C 33 the vertically propagating compressional wave, C 44 the vertically polarized shear wave, and C 66 the horizontally polarized shear wave. Each of the C ii is the product of bulk density and the appropriate velocity squared. C 44 is the vertical shear modulus; C 66 is the horizontal shear modulus. Higgins et al. (2008) provide detail in the relationships between these stiffness coefficients, and how they are combined to calculate Young's Modulus and Poisson's ratio for a TIV formation.
Eq. 3 presents the traditional equation used to determine the minimum horizontal stress for an isotropic medium (Thiercelin and Plumb 1994) that is believed to be linear elastic. Variants of this equation are the foundation for calculating stress with acoustic logs. Eq. 4 presents the equation used to determine the minimum horizontal stress for TIV medium (Thiercelin and Plumb 1994) . It will be referred to as the anisotropic stress equation throughout the remainder of this paper. The primary difference between Eqs. 3 and 4 is the input of moduli measured in the vertical and horizontal axes (perpendicular and parallel to shale laminations) in Eq. 4. Both equations will be used to calculate the minimum horizontal stresses for the example in this paper.
Young's Modulus is converted from the acoustically measured dynamic value to a static value using a proprietary approximation for organic shales that is similar, in concept, to published approximations (Lacy 1997; Barree et al. 2009 ). The dynamic Poisson's ratio was not converted. Figs. 3 and 4 present the relationships between static and dynamic core data for a well in the Baxter Shale (Higgins et al. 2008 ). These published data present typical core results where there is a well-defined relationship between the Young's Moduli, not so with the Poisson's ratios. The lack of a conversion for Poisson's ratio does not prove to be too significant for calculating stress using the anisotropic equation. Using the same core data, the mean ratio is 1.7. The mean term is 0.30 for static and 0.32 for dynamic data. The difference in the component of Eq. 4 between using a static or dynamic Poisson's ratio is 7% of the measurement. Buller et al, (2010) previously noted the sensitivity of the minimum horizontal stress to the TIV anisotropy via the anisotropic mechanical property ratios in Eq 4: . Buller's work did not quantify the impact of this anisotropy on closure stress, but instead utilized a series of indexes to qualitatively capture the variation in closure stress with mineralogy. This work follows on the work of Higgins et al, (2008) and quantifies the closure stress contrast with variations in TIV anisotropy. This allows the user to perform hydraulic fracturing simulations to determine the impact of parameters such as lateral landing point, fracturing fluid viscosity and volumes, injection rate and proppant scheduling on created fracture dimensions. Fig. 5 presents both isotropic and anisotropic stress profiles calculated for a well drilled through the Barnett Shale in the Fort Worth Basin. Log and test data from this well will be the basis for most of the work presented in this paper. These data include the lower part of the overlying Marble Falls Limestone and the upper part of the underlying Ellenberger Formation. This well is vertical and formation dip is no greater than 1 degree.
Stress Profile of Heterogeneous Shales
The isotropic stress profile employed vertical compressional and shear slowness measured along the borehole axis. These measurements are representative of those collected by a conventional dipole sonic log.
The anisotropic stress profile requires both axial and radial slowness measurements in a vertical borehole to account for TIV anisotropy. Recent advances in acoustic logging permit the estimation of a horizontal shear slowness in a vertical open borehole through the conversion of monopole Stoneley measurements (Pistre et al. 2005; Walsh et al. 2007) . Once the horizontal shear slowness ( ) is calculated, Eq. 5 can be used to calculate the horizontal compression slowness (Higgins et al. 2008 Where it is assumed that Walsh et al. (2007) compared borehole sonic measurements from both vertical and horizontal sonic logs in a pilot well and associated lateral in the Barnett Shale. Their work confirmed that the horizontal slowness values estimated in the vertical wellbore were comparable to those measured directly in the lateral wellbore.
Other parameters used in these calculations are:
= 0.443 psi/ft = 1.1 psi/ft = 1 = 0 = 0 = 0 Pore pressure was measured at one point in the Barnett Shale (see below), and it was assumed to be constant throughout the entire interval. Overburden stress was calculated by integrating the density log over true vertical depth and correcting for lack of surface compaction. Biot's elastic constant can be measured in the laboratory, but this is very difficult to do in low permeability rock as it is difficult to change the pore pressure during the tests. The assumption in this paper is that Biot's elastic constant is unity. While this may not be the case, it is the authors' experience that this value, in conjunction with other calibrated values for pore pressure and tectonic strain, provides an estimate of closure stress in organic shales similar to those measured through testing.
The magnitude of tectonic strain cannot be directly determined from core or well logs. The Fort Worth Basin presently is in a relaxed, extensional environment with a low horizontal stress anisotropy (Fisher et al. 2004 ). Thus, neutral strain values are a realistic starting point prior to calibrating the calculated stress profile to the measured in-situ values.
Track 5 of Fig. 5 plots and . These two curves overlie in the Ellenberger Formation and in the carbonate rich intervals within the Marble Falls Limestone. This is expected as these intervals are isotropic. The two diverge, with greater , throughout almost all of the Barnett Shale interval and in the more clay-rich intervals within the Marble Falls Limestone. These are intervals with TIV anisotropy, and they coincide with the intervals with elevated clay mineral content shown in Track 3 of Fig. 5 . The clay content and sonic measurements are independent.
Track 9 of Fig. 5 plots the minimum horizontal stress gradient calculated using both an isotropic (Eq. 3) and anisotropic (Eq. 4) model at a scale of 0.6 to 1.1 psi/ft. The two curves overlie in the isotropic Ellenberger Formation and diverge in the overlying Barnett Shale and the clay-rich parts of the Marble Falls Limestone. The divergence is highlighted with pink fill, and it coincides with those zones with TIV anisotropy, where is greater than .
There are no core data for this well. Comparison of the log results for the Barnett Shale section of this well to published core data from the Baxter Shale is presented in Table 1 (Higgins et al. 2008) . The comparison between the ratio of horizontal and vertical Young's Moduli ratios is comparable with values of 1.5 and 1.8, respectively. Both are reasonable for a TIV shale. The ratio of horizontal to vertical Poisson's ratios is 0.82 for the dynamic log measurements. The ratios for the core values are variable with 0.86 for static and 0.99 for dynamic.
Tracks 10 and 11 of Fig. 5 each present 2D color maps of the calculated minimum horizontal stress gradient for the isotropic and anisotropic models, respectively. Each track uses a range of colors from red to white to blue to show increasing minimum horizontal stress from 0.65 to 1.0 psi/ft. The same results are plotted as curves in Track 9.
Shale Mineralogy and Mechanical Properties
Mineralogy was determined over the logged interval through a combination of geochemical and triple combo logging strings (Track 3 of Fig. 5 ). The penetrated formations were subdivided into volumes of illite, chlorite, smectite, calcite, dolomite, phosphate, quartz, kerogen, clay bound water, pore water, and gas. Total clay volume for the Barnett Shale has a median of 29%. The Barnett Shale was subdivided into three zones based on clay content ( Table 2 and Fig. 5 ).
The clay content and the stress estimations calculated from sonic logs are independent. Nevertheless, it is apparent that the TIV zones within this borehole occur where the clay content is elevated or where the clay fraction contains abundant smectite. The magnitude of TIV anisotropy can be quantified using the Thomsen gamma ( ) parameter (Thomsen 1986) which is defined in Eq. 6. Gamma is plotted on the right side of Track 5 in Fig. 5 (Herron and Herron 1996) . The correlation between these parameters is a common observation in organic shales indicating the clay content is a key factor in the development of TIV anisotropy and, ultimately, zones with elevated minimum horizontal stress. The presence of smectite, as exhibited in the shales within the Marble Falls Limestone, seems to enhance this effect.
If one assumes no horizontal strain and a constant pore pressure, the product of and is the source for variability in the calculated stress profile. Examination of Eqs. 3 and 4 shows that the primary difference in the calculated minimum horizontal stress between an isotropic and anisotropic stress profile is driven by rather than . Table 3 presents values for these two ratios averaged over the evaluated interval.
is 19% greater for the anisotropic model ( is unity for the isotropic model) and the is 3% lower for the anisotropic model. The product of these ratios for the anisotropic model is 17% greater (0.63 to 0.54). Fig. 7 shows that is related to clay weight percent within the Barnett Shale for the evaluated well.
Calibration of Sonic-Derived Stress to In-situ Measurements
In order to accurately calibrate stress profiles determined from sonic logs, in-situ measurements of closure stress are required. This has been done successfully in shale reservoirs (Gatens et al. 1990; Thiercelin and Deroches 1994; Ramakrishnan et al. 2009 ). Closure stress measurements were made in the well in which the sonic derived closure stress is shown in Fig. 5 , and they are plotted on Track 9. The technique utilized to measure these values has been previously described (Ramakrishnan et al. 2009 ). This technique uses the Modular Formation Dynamic Tester* (MDT) downhole tool which is capable of inflating two packers separated by approximately 3 ft, isolating small intervals in an open hole section, and then using a pump within the tool to initiate a hydraulic fracture. Gauges within the tool monitor the pressure and temperature during the injection and pressure decline sequence. Interpretation of the pressure responses yield values of fracture initiation pressure, fracture extension pressure, the source of the pressure decline (matrix or fissure controlled, fracture extension, or height/length recession) and closure stress. Potentially, pore pressure and transmissibility can be determined from a post-fracture closure pressure decline analysis.
Closure stress measurements were made in multiple Barnett Shale intervals as well as the underlying Ellenberger Formation and overlying Marble Falls Limestone. An accurate measure of closure stress in a rock with isotropic mechanical properties is required to calibrate the sonic derived stress profile. Eqs. 3 and 4 include several parameters that cannot be quantified by either core or log measurements: pore pressure gradient, Biot's elastic constant and the horizontal strain coefficients. Pore pressure can be measured independently (see below). The most reliable way to estimate horizontal strain is to measure the closure stress in a rock that is most sensitive to strain. Examination of Eqs. 3 and 4 indicate that this is a zone with the highest Young's Modulus, typically a carbonate. The Ellenberger Formation is the most appropriate zone through the interval and was used as the tectonic strain calibration point.
The interval selection methodology has been previously described (Ramakrishnan et al. 2009 ). Intervals anticipated to have the lowest closure stress are tested first to minimize the differential pressure placed on the inflatable packers in the testing tool. Those intervals thought to be most significant in controlling the hydraulic fracture geometry are selected. Small intervals such as thin carbonates are generally not selected as they are not expected to vertically contain hydraulic fractures. Identification of these intervals via conventional triple combo logs can be problematic. These intervals are commonly concretions in organic shales and not considered to be viable hydraulic fracturing barriers. Concretions are readily identified by borehole resistivity images from an electrical micro-resistivity imager log. Fig. 8 shows the triple-combo log response through an interval containing concretions. Classic log responses for a carbonate -low gamma ray activity, high resistivity, low neutron porosity, high bulk density, and high Pe -are evident. The electrical micro-resistivity imager log response over the same interval is in Fig. 9 . The concretions are resistive and appear to be laterally non-continuous. The nature of the concretions is evidenced by their small size and the deformation of surrounding strata caused by their formation.
Pore pressure is required to calibrate the stress profile, but its estimation in ultra-low permeability shale is problematic because of the extended shut in period required to monitor pressure declines/inclines. One technique that has the potential to accurately estimate pore pressure in a timely manner is post-hydraulic fracture closure pressure decline analysis. This method relies on the pressure transient to develop into pseudo-radial flow (Nolte et al. 1997) , although analysis when the transient is in transition from pseudo-linear flow to pseudo-radial flow can yield accurate values (Talley et al. 1999) . For a timely analysis, hydraulic fractures of short length created at low injection rates are requisite, as the necessary shut in time increases exponentially with the fracture length (Talley et al. 1999 ).
There are several competing factors when attempting to perform post-closure pressure decline analyses in ultra-low permeability shales. As stated, desired fracture half lengths are short. But hydraulic fractures must penetrate through the nearwellbore stress concentration to escape its influence on the pressure decline. An estimate of the desired injected volume to achieve this is made a priori based on the following assumptions: (8) with n' being the power law flow behavior index.
Beta adjusts the fracture width to account for the change in Net Pressure that occurs immediately after pumping ceases and friction losses along the fracture face are minimized due to reduced fluid flow within the fracture. We assumed a water based drilling fluid with a n' = 1, beta = 0.8. Material balance indicates an injected volume of 0.25 gal of drilling mud is required to create a fracture that will penetrate beyond the stress concentration of approximately four times the wellbore diameter of 8.75 inches (El Rabaa 1989 ).
An injection of 0.25 gal following fracture initiation was made in the siliceous Barnett Shale interval at 4,732.4 ft. The subsequent pressure decline was monitored for 8 hours (Fig. 10) . This interval was selected for an extended pressure decline as the permeability was expected to be moderately high for an organic shale (~ 0.0002 md) based on the log evaluation. The G Function decline analysis indicated matrix leakoff, or possibly slight fracture height or length recession, and yielded a closure stress of 3,322 psi (0.702 psi/ft) (Fig. 11) . The instantaneous shut in pressure was 3,481 psi yielding a Net Pressure of 159 psi.
Pressure decline analysis was performed in real time until a reliable value of pore pressure was attained. Fig. 12 shows the post-closure pressure derivative versus 1/F L 2 . Reservoir response is represented when the pressure derivative (blue dots) has a negative slope. In this case the pressure transient is in the transition from pseudo-linear flow to pseudo-radial flow. Type curves, solid lines in Fig. 12 , allow for pore pressure approximation in this case, although the analysis is non-unique. Therefore, a sensitivity analysis was performed in which reasonable type curve matches were obtained for variable pore pressures. Lower and upper bounds of pore pressure were determined to be 2,065 psi and 2,100 psi, respectively, a difference of 0.007 psi/ft. Thus, a pore pressure gradient of 0.443 psi/ft was accurately acquired in an ultra-low permeability organic shale in a reasonable period of time.
The fact that the G Function superposition indicated matrix leakoff behavior during fracture closure is somewhat perplexing. This is an indication that fluids can indeed imbibe into rocks with permeability on the order of 0.0002 md. Yet the postinjection static resistivity image from the electrical imaging log does not portray a lowered "resistivity ring" over the borehole interval that was exposed to the injection pressure, indicating that no imbibition of drilling fluids occurred at the wellbore interface during the injection and decline (right side of Fig. 13 ). In addition, filter cake was not apparent on the borehole to support the imbibition theory during drilling. A possible explanation is that the drilling process has altered the pores at the borehole thereby reducing leakoff. Pores exposed to a hydraulic fracture would not have undergone such alteration. This issue requires further study, but it has been the authors' observation that a "resistivity ring" has yet to be identified across intervals in organic shales where stress tests have been performed. Furthermore, pressure dependent leakoff from the G Function analysis is the norm, not the exception, indicating that fissure leakoff is the dominant pressure decline mechanism. These observations are based on the testing of more than 200 organic shale intervals using this technique.
As shown in the pre-injection electrical imager log images on the left side of Fig. 13 , there is a pre-existing conductive fracture over this interval. This near-vertical fracture is striking N10W. This interval also exhibited polarization of the shear waves into fast and slow directions. Track 1 of Fig. 5 shows the relative amount of this anisotropy as a difference in energy between the waveforms aligned with the fast direction (maximum energy) and those aligned with the slow direction. Note that this is the only interval within the Barnett Shale that exhibits this type of anisotropy. The direction of the fast shear over this interval is N9W, basically the same as the fracture orientation measured with the electrical image log. The dominant mechanism for this anisotropy can be identified through the analysis of dipole dispersion curves (Plona et al. 2000) , and Fig. 14 indicates that it is intrinsic. Because the bedding is flat-lying, the source for this anisotropy is a natural fracture. Thus acoustic dispersion analysis can aid in determining whether conductive fractures identified with borehole imaging tools are natural or mechanically induced during the drilling process. The induced hydraulic fractures imaged in the post-injection electrical image log strikes N70E & N90W. The difference in strike of the pre-existing fracture and the hydraulic fracture is a strong indication that the pre-existing fracture is natural and not induced, and validates the acoustic log analysis. The strike of the hydraulic fracture is somewhat more easterly than has been noted in the basin (Fisher et al. 2002) , but is still consistent with the structural setting in the basin. Also of interest is the nature of the induced fractures. The wing striking N70E is a single, vertical fracture. The fractures striking N90W are a series of conjugate, inclined fractures. The pressure response during the injection does not exhibit classic behavior (Fig. 15) . The rapid pressure increases and decreases during injection may be an indication of propagation of en echelon fractures. The fact that the hydraulic fractures are not offset by 180 degrees indicates that the lowest stress concentrations are not aligned on opposite sides of the borehole. Rock texture or mechanical properties anisotropy (Suarez-Rivera et al. 2006 ) are likely influencing this behavior. It is possible that the existing natural fractures are influencing this behavior as well.
The post-injection electrical image log allows one to quantify the upper bound of hydraulic fracture height and to estimate the fracture half length. The right side of Fig. 13 shows that the hydraulic fracture height is 4.2 ft. Because subsequent larger injections to validate closure were performed following the 8 hour shut in, the final imaged fracture height is likely greater than created during the initial 0.25 gal injection. A Net Pressure of 159 psi was developed during the first injection (Fig. 11) . The average horizontal static Young's Modulus over the fractured interval, as determined from the sonic log analysis, is 2.89 x 10 6 psi. The G Function pre-closure decline analysis yields a fluid efficiency of 74% (c t = 0.00002 ft/min 0.5 ), a fracture length of 20 ft, and a hydraulic width of 0.0025 in. To honor the hydraulic width of 0.0025 in, a fracture height of 3.1 ft is required in Eq. 7. This is less than the 4.2 ft imaged by the electrical borehole imager indicating that additional height growth occurred during the subsequent injections. The corresponding hydraulic fracture half length of 20 ft is well beyond the nearwellbore stress concentration (El Rabaa 1989).
An alternative G Function decline analysis yields a closure stress of 3,160 psi (0.67 psi/ft) (Fig. 16) . The resulting higher Net Pressure of 321 psi requires either a horizontal Young's Modulus of approximately 10 x 10 6 psi or a much more contained fracture of approximately 1.7 ft. This modulus is unrealistically high. While it is possible that the initial injection only created a fracture of this height, to do so requires a fracture half length of 37 ft and a large Net Pressure (321 psi) for a very small injection (0.25 gal). It is the authors' opinion that a fracture geometry aspect ratio in excess of 40 (2 x 37 ft / 1.7 ft) is unrealistic for these conditions. In summary, the post injection electrical micro-resistivity image improves the interpretation of the pressure decline analysis by setting an upper bound on fracture height growth and ultimately leading to a more accurate value of closure stress. This process was used to determine the closure stress in the 13 intervals that were in-situ stress tested in the Ellenberger Formation, Barnett Shale, and Marble Falls Limestone for the subject well. These results are plotted in Track 9 of Fig. 5 .
With a measured pore pressure that is assumed to be constant through all intervals, the sonic derived stress profile can now be estimated and compared to the measured closure stress values. Table 4 displays the sonic-derived isotropic and anisotropic stress gradients as well as the measured values of stress at each depth where testing was performed. The sonic interpretation provides a closure stress estimate every 6 in. The log values posted in Table 4 are averaged over a 5 ft interval as this more accurately represents the interval over which vertical hydraulic fractures grew. Table 5 presents the average of the differences between both the isotropic and anisotropic log-derived stress gradients and the measured stresses. The average of the difference for the log-derived anisotropic stress is lower than that for the log-derived isotropic stress. The average difference for the log-derived anisotropic stress goes almost to zero if the measurement at 4,732.4 ft is removed. This point does represent an anomalous zone where there is image and sonic evidence for open natural fractures within the Barnett Shale (Fig 13) as previously discussed. No other tested zones showed any indication of open natural fractures. From the microresistivity image (Fig. 13) it is clear that the injection created a new hydraulic fracture. It is possible that the existing natural fracture has relieved the local stress to the point that a measurably lower closure stress occurs. Negative strain coefficients are required to calibrate the sonic derived stress profile in this environment. Sonic dispersion and radial profiling plots with characteristics like Fig.14 have identified similar behavior in other Barnett Shale wells where MDT measured stresses were lower than log estimated stresses that did not utilize negative strains. These observations suggest that naturally fractured intervals could be optimal intervals for landing laterals or placing perforation clusters because they are indicators of a lower stress and corresponding low fracture initiation pressures.
Multiple conclusions can be drawn from the comparison of measured closure stress with the log derived isotropic and anisotropic stress profiles:
1. The sonic-derived closure stresses in the Ellenberger Formation for both the isotropic and anisotropic processing closely match the measured values. This is because the Ellenberger Formation is an isotropically behaving carbonate with few to no laminations. 2. The sonic stress profile derived from the isotropic equation (Eq. 3) significantly under-predicts the closure stress in the laminated Barnett Shale and Marble Falls Limestone. At only one depth where closure stress was measured within these zones is the isotropic stress within 0.07 psi/ft of the measured stress: a naturally fractured interval at 4,732.4 ft. 3. The anisotropic stress profile more accurately matches the measured closure stress values in these laminated shales.
In all but one case the predicted closure stress is within 0.10 psi/ft, and most differ by less than 0.04 psi/ft.
When considering the implications for hydraulic fracture height growth the following conclusions can be made: 1. The isotropic stress profile predicts a large stress contrast across the Barnett Shale -Ellenberger Formation interface. The measured downhole stress values do not support this. 2. The anisotropic stress profile does indeed predict that there is no significant stress contrast between the lower Barnett Shale and the underlying Ellenberger Formation. 3. Hydraulic fractures may easily grow into the underlying Ellenberger Formation, especially if initiated in the high stress, argillaceous lower zone of the Barnett Shale. 4. Downward fracture height growth into the Ellenberger Formation would be unexpected if conventional dipole sonic stress profiles are employed that do not account for TIV anisotropy.
Stress profiles alone do not accurately predict hydraulic fracture height growth. Inspection of Track 11 of Fig. 5 would suggest that downward fracture height would be contained by the lower argillaceous zone of the Barnett Shale starting at 4,783 ft, and upward growth contained by the Marble Falls Limestone from 4,624 -4,662 ft. Hydraulic fracture simulations are required to accurately predict hydraulic fracture height growth.
Applications for Lateral Landing Point and Hydraulic Fracture Geometry
"Horizontal wells" in organic shales is somewhat of a misnomer as the wells are frequently drilled toe up for gravity drainage. Alternatively, attempts are often made to drill parallel to expected bedding planes to land the lateral in the "sweet spot." Because of their highly laminated nature this is extremely difficult to do, especially when a gamma ray measurement is the primary record used for steering. The end result is that productivity along a lateral can be quite variable (Miller et al. 2011) .
Laterals that intersect different strata along their length can have inconsistent hydraulic fracture heights because of their variable fracture initiation pressures. Hydraulic fracture simulations should be performed to quantify this behavior. Vertical fracture height growth in shales with TIV anisotropy is not solely a function of the minimum horizontal stress contrast between the various layers. The variability in the mechanical properties between adjacent laminations may impact vertical fracture height growth (Wright et al. 1999; Smith et al. 2001 ), a situation akin to the influence of vertical natural fractures to lateral fracture complexity. This will have the effect of limiting fracture height growth. Conventional hydraulic fracture simulators cannot model this behavior, although more advanced fracturing simulators can begin to address complex fracture systems developed in fissured media (Wenyue 2009; Meyer 2011) . But simulators can be used to get an order of magnitude estimate of fracture height growth and how this varies with initiation point.
A limitation of most hydraulic fracturing simulators is that they do not model complex vertical fractures of variable azimuths. Organic shales can be a highly fractured media and exhibit this behavior. To approximate the impact of this complexity on hydraulic fracture height growth one may use empirically derived leakoff coefficients to model "leakoff" into natural fractures. The total leakoff coefficient (C t ) can be determined via simulation iterations to match the height, length, and Net Pressure build of the dominant planar fracture generated. Microseismic monitoring is used as the reference of the fracture's length and height. Such a calibrated fracturing simulator can then be used with some accuracy to estimate height growth. The process can certainly indicate when variable fracture heights are created because of differing fracture initiation/lateral landing points.
A series of hydraulic fracture simulations employing a fully 3D, finite difference, planar simulator was performed to evaluate the effect of lateral landing point on hydraulic fracture geometry. The calibrated anisotropic stress profile was used and the results compared to those modeled using the incorrect conventional isotropic stress profile. Simulations were performed at four depths as noted in Fig. 5 . column shows that no proppant was actually included in the simulations. This was done so an upper bound on hydraulic fracture dimensions could be established. Modeled proppant transport with Slickwater fracturing fluids will result in the lower perimeter of the hydraulic fracture screening out. This may result in an underestimation of fracture height growth. Therefore, proppant was excluded from these simulations.
The geometries for these simulations with the isotropic profiles are shown in Fig. 18 . The anisotropic geometries are shown in Fig. 19 . The red horizontal lines on each fracture geometry figure denote the boundaries for the Barnett Shale.
Isotropic Stress Profile Fracture Geometries
Because of the high stresses predicted by the isotropic stress profile in the underlying Ellenberger Formation and overlying argillaceous interval of the Marble Falls Limestone, the simulated hydraulic fractures are well contained within the Barnett shale. According to the model, there is only minimal growth into the Marble Falls Limestone and no growth into the underlying Ellenberger Formation. This is true for all four simulations and indicates that lateral landing point does not play a significant role in the height and length of hydraulic fractures provided that an isotropic model is representative of the Barnett Shale.
Anisotropic Stress Profile Fracture Geometries
The fracture geometries are much different when the calibrated anisotropic stress profile is used in the simulations. In all cases significant upward height growth through the Marble Falls Limestone is predicted. A large percentage of the fracturing fluid is placed in the Marble Falls Limestone rendering the Barnett Shale less efficiently stimulated.
The extent of the downward growth is a function of the fracture initiation point. When the perforations are placed within the upper argillaceous zone of the Barnett Shale (Table 2) , the lower argillaceous zone of the Barnett Shale performs as a barrier to downward fracture growth into the Ellenberger Formation. In this case the Barnett Shale is not completely contacted by the stimulation treatment. Any hydrocarbons below approximately 4,780 ft would probably not be produced due to lack of stimulation. Over this bottom section of the Barnett Shale there is an estimated total Gas in Place (GIP) of 24 BCF/mi 2 (Track 4 of Fig. 5 ). This represents 48% of the total GIP of 50 BCF/mi 2 through the entire Barnett Shale interval that is not effectively stimulated.
For the two simulations in which the fracture is initiated in the bottom argillaceous zone of the Barnett Shale (Table 2) , the downward growth of the fracture extends into the Ellenberger Formation. This is because the fracture is initiated in a high stress interval that is bounded by lower stress intervals. In these cases the bottom of the Barnett Shale does receive some stimulation, although the hydraulic fracture lengths are minimal. More relevantly, these stimulation treatments may contact producible formation water that is common to the Ellenberger Formation. Because of its much larger mobility, water in the Ellenberger Formation will be produced preferentially to gas in the Barnett Shale.
Another potential issue with landing the lateral in a high stress interval is the narrow hydraulic fractures that are created near the borehole in these intervals. The two simulations with fractures initiated in the lower argillaceous Barnett Shale intervals both exhibit these pinch points at the depth of the perforations (Fig. 19) . These width restrictions may cause significant issues with proppant placement. Treatments initiated from these intervals may also exhibit significant near-wellbore pressure losses during injection that may limit pump rate because of high treating pressures. Lastly, these argillaceous intervals not only posses a high stress, they normally have low horizontal Young's Moduli, which may lead to proppant embedment and corresponding fracture conductivity impairment that can adversely affect productivity (Miller et al. 2011 ).
The fracture geometry simulations yield several conclusions:
1. The calibrated anisotropic stress profile shows that significant upward fracture growth through the Marble Falls Limestone occurs in all simulations, independent of the fracture initiation point. 2. The basal 80 ft of the Barnett Shale is not stimulated unless the fracture is initiated within this interval. In all cases this argillaceous Barnett Shale is rendered inefficiently stimulated. 3. For fractures initiated in the high stressed, lower argillaceous zone of the Barnett Shale downward fracture growth into the Ellenberger Formation is predicted. As the Ellenberger Formation is frequently wet, fractures initiated in these lower zones run the risk of producing native water. 4. Simulations using the uncalibrated isotropic sonic-derived stress profile grossly under predict hydraulic fracture height. 5. The fracture height is insensitive to fracture initiation point for simulations using the uncalibrated sonic-derived isotropic stress profile. 6. Growth into the underlying Ellenberger Formation, with the potential for water production, is not predicted with the isotropic stress profile. Simulations using such profiles may provide a false sense of security that the well will produce free of formation water. 7. Variable lateral landing points create variable fracture geometries when using the calibrated anisotropic stress profile. 8. Fractures initiated in the lower argillaceous Barnett Shale interval may experience high treating pressures, and placing proppant may be problematic. This is because of the pinch points associated with initiating fractures in these high stressed, low Young's Modulus intervals. 9. Fracture conductivity may constrain production for laterals landed in the lower argillaceous Barnett Shale interval.
Comparison to Alternative Interpretation Techniques
One technique that is used to select lateral points and perforation location is to compare the vertical Young's Moduli and vertical Poisson's ratios derived from dipole sonic logs. Those zones with the highest vertical Young's Modulus and lowest vertical Poisson's ratio are defined as brittle. The Brittleness Index (BI) (Grieser and Bray 2007; Rickman et al. 2008 ) is defined in Eq. 9. It was calculated for the Barnett Shale well using the vertical Young's Moduli and vertical Poisson's ratios from the Marble Falls Limestone, through the Barnett Shale, and into the Ellenberger Formation. The resulting value is an index scaled from 0 to 100. It is plotted with the isotropic and anisotropic stress profiles computed from the sonic log in Track 9 of Fig. 5 . It is also plotted as a 2D color map in Track 12 of Fig. 5 . With proper scaling of the index there is good agreement between BI and the isotropic stress profile. This can also be seen in the crossplot of Fig. 20 . This should be expected as this stress profile is driven by lithostatic loading via the vertical Poisson's ratio used in the BI calculation (Eqs. 3 and 9). Poisson's ratio is essentially a proxy for minimum horizontal stress for the BI. However, the sonic-derived stress profile that matches the measured in-situ closure stresses is not a function of lithostatic loading only. It is much more sensitive to the difference in the vertical and horizontal Young's Moduli (Eq. 4). Consequently, there is much less agreement between BI and the calibrated anisotropic stress profile (Fig. 21) . The error associated with using a lithostatic model in this way can be significant. The anisotropic stress model based on the sonic log predicts a high stress in the lower argillaceous zone of the Barnett Shale, and the in-situ stress measurements confirm this (Table 4 ). Yet the lowest BI through the whole section of the wellbore is in this interval (Track 9 of Fig. 5 ). If BI is used land a lateral in this lower interval then the risk of fracturing into the Ellenberger Formation is greatly increased (Fig. 19) . Stimulation placement and fracture conductivity may be compromised as well.
As previously demonstrated, the stress profile and corresponding fracture height growth in a laminated reservoir is a function of the mechanical properties anisotropy as outlined in Eq. 4 and noted by Buller et al. (2010) . These properties therefore provide an indication of expected hydraulic fracture height growth. For given values of overburden, pore pressure and tectonic strains closure stress is directly proportional to these mechanical properties. Eq. 10 shows this proportionality. Plotting this Shale Stress Index (SSI) versus depth will therefore provide an indication of the expected closure stress contrast through the interval without inputs for pore pressure and horizontal strains. Track 8 of Fig. 5 compares the SSI to the BI. Comparison to the adjoining Track 9 shows the SSI to effectively mimic the calibrated anisotropic stress profile. The BI does not because it is based on a lithostatic loaded stress model. Therefore, the SSI can be used as an indicator of closure stress in shales without having to quantify the overburden, pore pressure or strain coefficients as long as these parameters do not vary significantly through the intervals. Fig. 22 plots the SSI vs. the anisotropic stress profile. As expected the plot is a straight line as defined by Eq. 4. The slope is and its y-intercept is plus any horizontal strain components.
The SSI can be used to reliably select lateral landing points from pilot hole logs. From Track 8 of Fig. 5 the optimum lateral landing point based on the SSI is from 4,720 ft to 4,755 ft. This is at least 121 ft from the Ellenberger Formation. The anisotropic stress profile in Track 9 of Fig. 5 shows this to be the lowest stressed interval within the Barnett Shale. Fracture simulations (Fig. 19) show that hydraulic fractures initiated in this interval do not penetrate the Ellenberger Formation. Contrast this to the interval from 4,794 ft to 4,816 ft with the lowest BI. The anisotropic stress profile shows that this is actually the highest stressed Barnett Shale interval. This zone is also only 60 ft from the Ellenberger Formation and fracture simulations (Fig. 19) show that fractures initiated in this interval will grow into the Ellenberger Formation.
Conclusions
1. Shale reservoirs are laminated and, assuming flat-lying dip, these laminations create TIV anisotropy. 2. The magnitude of TIV anisotropy is strongly influenced by clay content and clay type. 3. In-situ stress tests indicate that an anisotropic stress model which accounts for TIV anisotropy provides a more accurate prediction of minimum horizontal stress than an isotropic model that ignores this mechanical properties variability. 4. Calibrating sonic-derived closure stress profiles to measured values provides an accurate stress profile in laminated shales. This is the only way within the industry today to quantify the tectonic strain coefficients. 5. Naturally occurring fractures within the formation will lead to an overestimation of stress using the anisotropic model. 6. Micro-fracturing with the MDT tool has been successful at measuring closure stress in a timely manner in ultra-low permeability organic shales. 7. Modeling hydraulic fracture height growth on a specific Barnett Shale well resulted in the following:
 The fracture initiation point, a proxy for lateral landing point, strongly influences the hydraulic fracture height growth. All simulations using the calibrated anisotropic stress profile indicate that upward height growth into the Marble Falls Limestone will occur.  Simulations with fractures initiated in the upper half of the Barnett Shale show that the lower argillaceous zone of the Barnett Shale is an effective barrier to downward height growth into the Ellenberger Formation.  Simulations initiated from the lower argillaceous zone of the Barnett Shale grow down into the potentially wet Ellenberger Formation.  Initiating fractures from high stress, argillaceous intervals may result in difficulty placing stimulation treatments because of narrow fracture widths. Production may also be compromised because of proppant embedment in low Young's Modulus argillaceous intervals.  Simulations using an isotropic stress profile can lead to erroneous results when modeling horizontal well landing points and the subsequent hydraulic fracture height growth. Using the incorrect isotropic stress profile shows that moderate fracture growth into the Marble Falls Limestone does occur. The Ellenberger Formation is not penetrated leading one to erroneously conclude that Ellenberger Formation water production is unlikely. 8. It is possible to acquire an accurate pore pressure in an organic shale in a timely manner through interpretation of the pressure decline analysis following closure of the hydraulic fracture. This requires an injected volume designed to penetrate the near-wellbore stress concentration but generates a small enough hydraulic fracture that a reasonable period of shut in time is attained. The test interval should focus on the most permeable zone so that the pressure decline will be fairly rapid. These intervals are also likely to have the lowest closure stress. This is beneficial as low injection shut in pressure provides a starting point for the decline that is moderately close to the pore pressure. 9. An introduced Shale Stress Index (SSI) is an excellent indicator of fracture height growth in laminated shales without the need for overburden, pore pressure, and tectonic strain coefficients. But it assumes that these parameters do not vary within the interval of interest 10. The SSI can be used to select lateral landing points that provide:
a. The lowest fracture initiation pressure. b. A reduced likelihood for dramatic fracture height growth. c. The highest likelihood that near-wellbore fracture conductivity will not be compromised. 11. Although an anisotropic stress model is demonstrably superior, the model is still incomplete for the subsurface due to uncertainties in Biot's constant, pore pressure and tectonic strain. Calibration to in-situ stress tests can reduce these uncertainties. 12. Once a stress profile is calibrated, hydraulic fracture modeling can provide an estimate of the expected fracture height growth. Simulators that model planar hydraulic fractures can still provide a robust estimate of height growth if their fluid efficiency is calibrated to the known fracture dimensions through microseismic monitoring and to fracturing Net Pressure. Table 5 -Average of differences in log-derived isotropic and anisotropic closure stresses and the measured closure stresses. Note the reduced average difference for the log-derived anisotropic stress when the measurement at 4,732.4 ft is removed. 
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